The molecular mechanisms underlying disease tolerance in grapevines remain uncharacterized, 34 even though there are substantial differences in the resistance of grapevine species to fungal and 35 bacterial diseases. In this study, we identified genes and genetic networks involved in disease The grapevine is an important fruit crop grown worldwide, and its cultivars are mostly derived 54 from the European species Vitis vinifera, which possesses genes for high fruit quality and 55 adaptation to a wide variety of climatic conditions. However, V. vinifera cultivars are susceptible 56 to many pathogens, such as phytoplasmas, viruses, bacteria, and fungi (Ferreira et al., 2004). 57
analysing grape transcriptomes and transgenic Arabidopsis plants 26 27
Highlight 28
Transcription profiles showed that 20 candidate genes were obviously co-expressed at 12 hpi in 29
Vitis davidii . 30
VdWRKY53 trancription factor enhanced the resisitance in grapevine and Arabidopsis. 31 7
Data assembly and analysis 135
Raw data (raw reads) in fastq format were first processed using in-house Perl scripts. Clean data 136 (clean reads) were obtained by removing reads containing the adapter, reads containing poly-N 137
and low-quality reads from the raw data. At the same time, the Q20, Q30 and GC contents of the 138 clean data were calculated. All downstream analyses were based on the clean data with high 139 quality. 140
Reference genome and gene model annotation files were downloaded from the genome 141 website (http://plants.ensembl.org/Vitis vinifera). An index of the reference genome was built 142 using Bowtie v2.0.6, and paired-end clean reads were aligned to the reference genome using 143
TopHat v2.0.9. The number of reads mapped to each gene was counted using HTSeq v0.5.4p3. In 144 addition, the RPKM (Reads Per Kilobase of transcript per Million mapped reads) of each gene 145 was calculated based on the length of the gene transcript, the reads mapped to the gene, and the 146 total mapped reads (Mortazavi et al., 2008) . 147
Prior to differential gene expression analysis, for each sequenced library, the read counts 148 were adjusted by the edge R program package with one normalized scaling factor. The 149 differential expression under two conditions was analysed using the DEGseq R package (1.12.0). 150
The P values were adjusted using the Benjamini & Hochberg method. A corrected P value of 151 0.001 and a log2 (Fold change) of 1 were set as the threshold for significantly differential 152
expression. 153 154

Gene co-expression analysis 155
Gene co-expression network analysis was performed on each RNA-seq library to analyse the 156 correlation of genes from each experimental sample, followed by a search for resistance-related 157 pathways and genes (Gillis and Pavlidis, 2011) . We also used the WGCNA method to test the 158 effect of thresholding the networks (Zhang and Horvath, 2005) . We subjected the best WGCNA 159 results to MeV K-means analysis, setting the cluster number to 50 (k=50). 160
Annotation and functional classification 162
Gene Ontology (GO) enrichment analysis of the DEGs was implemented with the GO seq R 163 package, in which gene length bias was corrected. GO terms with corrected P values less than 164 0.05 were considered to be significantly enriched in the DEGs. We used the KOBAS software to 165 test the statistical enrichment of the differential expression of genes in KEGG pathways. Putative 166 gene functions were assigned using a set of sequential BLAST searches of all the assembled 167 unigenes against sequences in the Ensembl Plants (http://plants.ensembl.org/Vitis vinifera) 168 database of non-redundant proteins and nucleotides, the Swiss-Prot protein database, the Gene 169
Ontology database, the Cluster of Orthologous Groups database, and the Kyoto Encyclopedia of 170
Genes and Genomes database. 171 172
qRT-PCR analysis 173
The total RNA of grapevines was extracted using the improved SDS/phenol method as described 174
by (Ülker et al. 2007) . PCR primers for the reference gene EF1ｒ and the test genes are listed in 175 Table S1 . Three independent PCR reactions were conducted for each gene using a LightCycler® 176 480 (Roche Diagnostics, Rosel, Switzerland), and the relative expression levels of the genes 177 were calculated using the 2 -△ △ ct method (Ramamoorthy et al., 2008) . 178
179
Vector construction and Arabidopsis transformation 180
The full-length cDNA of VdWRKY53 was amplified by PCR and cloned into the BglII/BstE2 site 181 of the binary plasmid pCAMBIA3301, generating pCAMBIA3301-VdWRKY53 (pGW53). This 182 new plasmid was verified by sequencing and then introduced into A. tumefaciens GV3101 cells 183 for Arabidopsis transformation via the floral dipping method (Clough and Bent, 1998 Arabidopsis was performed as previously described (Wang et al., 2007) .The bacterial strain 191
Pseudomonas syringae pv tomato PDC3000 was grown in LB liquid medium (Yu et al., 2011), 192 and the inoculation method was based on Melotto et al. (2008) . 193
194
Results
196
Anatomical structure of Vitis leaves and inoculation in grapevines 197
DAC is an important wild grapevine species that grows in 10 provinces in China. In our 198 experiments, DAC showed the highest level of resistance among all grapevines tested (Zhang et 199 al., 2013; Zhang and Feng, 2014) . Examination of the anatomical structure revealed that the 200 leaves of DAC were not significantly different from those of VIM in thickness, including the 201 thickness of the palisade, spongy tissues, and upper and lower epidermis (Table 1, Fig. 1A) . 202
Except for a higher number of chloroplasts in the palisade of DAC than in that of VIM (Fig. 1A) , 203 which is important in photosynthesis, DAC had a similar leaf structure to VIM. This result 204 suggests that the differences in disease resistance between DAC and VIM are unlikely to be due 205 to the differences in their leaf structure and more likely to be due to the differences in their 206 resistance genes. 207
After infection with C. diplodiella, the DAC leaves showed weaker disease symptoms 208 than those on VIM leaves at 12 hours post infection (hpi). At 36 hpi, the symptoms on DAC 209 leaves developed into a typical hypersensitive response (HR), where cell death at the infection 210 site blocked further spreading of the pathogen, but the symptoms on VIM leaves developed into 211 typical grape white rot disease (Fig. 1B) . Under a microscope, germination of spores of C. 212 diplodiella was observed on VIM leaves but not on DAC leaves at 12 hpi. At 36 hpi, spore 213 germination was completed on the leaves of both grape species, but the germination rate was 214 lower on DAC leaves than on VIM leaves (Fig. 1C) novel genes that were not annotated in the grape reference genome (Table 2) . 227
228
Identification of differentially expressed genes (DEGs) 229
A total of 12976 genes were selected for DEG analyses on the basis that they had a RPKM value 230 greater than 1 (value >1) according to DEGseq. The number of DEGs between the resistant 231 (DAC) and susceptible (VIM) grape species at each sampling point was estimated using the 232 criteria P<0.001 and log2 (fold change) >2.0 or <2.0. 233
After C. diplodiella inoculation, we detected a total of 7073 transcripts, exhibiting an 234 increase compared with the 0 hpi time point. More transcripts were induced in DAC than in VIM. 235 256 transcripts of the specific expression in DAC was of unknown genes showing a large genetic 236 distance from the reference genome (http://plants.ensembl.org/Vitis_vinifera) (Fig. 2) . 237
All DEGs were annotated. COG, GO, KEGG, Swiss-Prot and nr were analysed based on 238 their references (Altschul et al., 1997; Tatusov et al., 2000; Kanehisa et al., 2004) (Table 3) . To 239 determine the DEGs and pathways between the susceptible VIM and the resistant DAC, we 240 biosynthesis and Cutin, suberine and wax biosynthesis) and 118 pathways with DEGs. 242 Differences in gene expression at two time points after pathogen infection in VIM and DAC were 243 examined, and DEGs were identified by pairwise comparisons of the six libraries (Table S2,  244   Table S3) . 245
246
Candidate genes in resistant grapevine DAC 247
We focused on the Plant-pathogen interaction pathway, which involved DEGs including cell 248 wall genes, LRR receptor-like genes, WRKY genes and pathogenesis-related (PR) genes. All 249 transcripts were divided into four co-expression groups. Among them, the molecular function 250 group genes were divided into 50 co-expression clusters (K=50) by MeV K-means analysis, 251 corresponding to the RPKM value. The transcript levels of these genes were higher in DAC than 252 in VIM at both stage 0 hpi and 12 hpi, the transcript levels of these genes were reduced at 36 hpi 253 compared to 0 hpi and 16 hpi in both VIM and DAC ( Fig. 3 Table S4) . 254
Based on the analysis of the transcript expression, which was highly correlated with the 255 resistance response, we suggested 20 candidate genes that work together in the SA signal 256 pathway for DAC resistance to C. diplodiella and are co-expressed in the K03 cluster. The 257 expression of these genes in DAC showed significant differences from their expression in VIM. 258
The RPKM measure of read density reflects the molar concentration of a transcript (Mortazavi et 259 al., 2008) , We assessed the candidate genes based on two factors, RPKM value (RPKM>1 after 260 inoculation) and the expression change fold (fold>2). There were two wall-associated receptor 261 kinase genes, five LRR receptor-like serine/threonine-protein kinase genes, eleven WRKY 262 transcription factor genes, and two PR protein-like genes in the same resistance signalling 263 pathway. We compared the data between the two species from the six libraries (Table 4) 
302
The same results happened to C. diplodiella and PDC3000 infection. Most of GW53 plants could grow 303 normally with C. diplodiella and PDC3000, but Col could not (Fig. 7) . For GW53 transgenic plants, 95%, 304 98% and 100% of leaves were free of disease symptoms after infection with G. cichoracearum, P.
305
syringae PDC3000, and C. diplodiella respectively (Fig. 8) The first layer of plant defence against pathogens is the cell wall-associated response: pathogenic 312 microorganisms must actively penetrate the plant apoplast for access. The second layer of plant 313 defence is the HR, in which cell death surrounding an infection restricts the growth of pathogens. 314
Ralph Huckelhoven considered HR-associated cell death to be a complex defence that depends 315 on the timing of HR (Huckelhoven, 2007) . In our study, when C. diplodiella invaded, DAC 316 quickly showed a typical HR quickly. HR and cell death limited pathogen invasion, and then 317 resistance genes in the signalling pathway were switched on (Fig. 1B, C) . In comparison with 318 VIM, 20 genes co-expressed in the HR showed changes in DAC at the 12 hpi time point (Fig.  319   2D ). This result indicated that a key switch for the DAC resistance response occurs near the 12 320 hpi time point, which was also observed in other resistant grapevine species, such as Vitis riparia 321 perceive microbial molecules by surveillance of host cellular intactness, which is a common 323 mechanism in plants. This mechanism has also been observed in V. riparia infected with P. 324 viticola (Polesani et al., 2010) . A special mechanism of pathogen defence was observed in the 325 resistant species DAC, which quickly recognized the infection signal and activated the HR 326 reaction. 327
328
Candidate genes contributed to defence in DAC 329
Detailed pathogen resistance mechanisms have been described in plant models. pathogenesis-related protein 1 (PR-1) has antifungal and antibiotic activity (Rauscher et al., 1999; 356 Huckelhoven, 2007; Yu et al., 2013) . In our data, two PR-1 protein type genes 357 (VIT_11s0052g01620, VIT_14s0081g00020) in DAC were shown to participate in the defence 358 against pathogen invasion. In plants, the resistance response is a very complicated system that 359 includes structure and strengthening the cell walls (Huckelhoven, 2007) VvWRKY1 and VvWRKY2 conferred enhanced resistance against fungal pathogens in transgenic 367 tobacco plants (Guillaumie et al., 2010) . VvWRKY11 provides higher tolerance to water stress 368 induced by mannitol compared with the tolerance in wild-type plants, indicating that VvWRKY11 369 is involved in the response to dehydration stress (Liu et al., 2011) . The VpWRKY1, VpWRKY2 370 and VpWRKY3 genes isolated from Vitis pseudoreticulata enhanced resistance to biotic and 371 abiotic stress responses (Zhu et al., 2012) . VdWRKY53 belongs to the group III WRKY 372 transcription factors and is very similar to AtWRKY53 (Fig. 4) . The AtWRKY53 gene was 373 rapidly induced under drought conditions (Sun and Yu, 2015) and found to positively regulate the 374 basal resistance to P. syringae in combination with the AtWRKY46 and AtWRKY70 genes (Hu et 375 16 al., 2012) . SolyWRKY53, an orthologous gene to AtWRKY53, is also resistant to
infection (Huang et al., 2016) . In this study, the VdWRKY53 gene showed higher expression in 377 DAC than in VIM even at 0 hpi. The RPKM value reached 109.9 at approximately 12 dpi and 378 contributed to the resistance to C. diplodiella (Table 4) . We cloned the VdWRKY53 CDS 379 sequence and transferred it into Arabidopsis to generate five lines of transgenic plants 380 over-expressing VdWRKY53. As we expected, VdWRKY53 conferred strong resistance to C. 381 diplodiella, PDC3000 and G. cichoracearum. Candidate genes from the K03 cluster were 382 co-expressed and located in the same resistance pathway (Broekaert et al., 2006; Eulgem, 2006; 383 Eulgem and Somssich, 2007; Zhang and Feng, 2014; Ma et al., 2016) . In our research, 384
VdWRKY53 improved the resistance of GW53 to infection with C. diplodiella, PDC3000 and G. Table S1 . Primers of test genes 400 Table S2 . KEGG pathways of DEGs at V.davidii and V.vinifera different infecting stages 401 Table S3 . Details of KEGG pathways in the research 402 Table S4 
